NLRP3 inflammasome activation plays an important role in particle and fiber toxicology in the lung.^[@ref1],[@ref2]^ In addition to the ability of occupational exposure to asbestos and quartz to induce chronic lung inflammation and fibrosis as a result of inflammasome activation, experimental studies with engineered nanomaterials (ENMs), such as carbon nanotubes (CNTs), metal oxide nanorods and rare earth oxide (REO) nanoparticles, have demonstrated that they could lead to lung injury as a result of NLRP3 inflammasome activation and IL-1β production.^[@ref3]−[@ref6]^ While all of the above materials are capable of inducing the assembly of the NLRP3, ASC and caspase 1 subunits secondary to lysosomal damage,^[@ref1]^ there are material-specific differences in precisely how the lysosomal membrane is damaged by the composition, shape/aspect ratio, redox potential and surface reactivity of the materials.^[@ref3],[@ref5],[@ref6]^

Although the activation of the NLRP3 inflammasome by selected ENMs is of considerable importance in terms of material toxicity, it is also important to consider that ENMs could exert an effect on the abundance and turnover of the activated inflammasome complexes through the autophagy pathway.^[@ref7]^ It is known that a variety of ENMs (such as REOs, single wall CNTs, and quantum dots) are inducers of autophagy,^[@ref8]−[@ref13]^ which in addition to its role in cellular starvation, also plays a role in mopping up and delivery of ubiquitinated protein complexes and organelles (*e.g.*, mitochondria) to the lysosome for clearance ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).^[@ref7],[@ref14]−[@ref16]^ It is therefore of interest to know whether the materials that are associated with NLRP3 inflammasome activation following lysosome damage can also influence the homeostatic removal of the activated complexes. This could be one of the major connections of ENMs with the autophagy pathway in that autophagy speeds up homeostatic removal of activated inflammasome complexes, with the implication that interference in autophagogic flux could lead to exaggerated IL-1β production. Not only could this information be important from the perspective of the toxicological effects of ENMs, but it is well-known that autophagy deregulation is involved in a variety of human diseases such as cancer, Parkinson's disease, diabetes, *etc*.^[@ref16],[@ref17]^

![Autophagy plays a major role in clearance of activated NLRP3 inflammasome complexes. Autophagy flux involves three major steps including autophagy induction, autophagosome formation, autophagosome fusion and degradation in lysosomes. Activated NLRP3 inflammasome complexes that assemble spontaneously under basal conditions or in response to lysosomal damaging stimuli in cells are enveloped by autophagosomes and then delivered to lysosomes by a process of vesicle fusion. Subsequent degradation of inflammasomes by lysosomes serves to return IL-1β production to basal levels. Many factors can affect these processes. mTOR inhibits autophagy induction that can be reversed by rapamycin, leading to accelerated autophagic flux. 3-Methyladenine (3-MA) inhibits autophagosome formation by inhibiting phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) activity, while chloroquine inhibits the fusion of autophagosomes with lysosomes, leading to autophagosome accumulation. In this study, we assessed the effects of ENMs on lysosome function and autophagosome fusion. These activities may impact the NLRP3 complex degradation and IL-1β production.](nn-2014-05002w_0010){#sch1}

In this study, we compared REO nanoparticles with MWCNTs, both of which act as NLRP3 inflammasome inducers^[@ref3],[@ref4]^ and therefore establish a background against which the similarities or differences of the homeostatic regulation of IL-1β production could be assessed. The THP-1 myeloid cell line contains a constitutively active autophagy pathway that is capable of shuttling activated NLRP3 inflammasome complexes to the lysosome during exposure to uric acid crystals, nigericin or poly(dA:dT), as demonstrated by Shi *et al.*([@ref15]) While REO nanoparticles and MWCNTs induced NLRP3 inflammasome activation and IL-1β production, there was a dramatic difference in the magnitude of this pro-inflammatory response due to different effects of these materials on autophagic flux. While REOs interfered in autophagosome fusion with lysosomes, leading to the accumulation of activated NLRP3 complexes, MWCNTs did not interfere in autophagic flux. These results demonstrate that in addition to considering the effect of ENMs on the autophagy induction, we also need to consider the potential of interference in autophagic flux, especially the fusion of autophagosomes with lysosomes. Our research also explored the specific mechanism by which REOs disrupts autophagosome fusion by impacting key functions in the lysosome.

Results {#sec2}
=======

Characterization of Selected ENMs {#sec2.1}
---------------------------------

We selected a range of REO nanoparticles (La~2~O~3~, Gd~2~O~3~, Sm~2~O~3~, and Yb~2~O~3~) and as prepared (AP) MWCNTs for a comparative study of the role of autophagy in regulating the NLRP3 inflammasome. Two metal oxide (MOx) nanoparticles, Bi~2~O~3~ and TiO~2~ were included as a control for the REO effects; while carboxylated (COOH) MWCNTs, which are poor inducers of IL-1β production, were used as a negative control for AP-MWCNTs. Crystalline silica (quartz) was used as a positive control for NLRP3 inflammasome activation, while mesoporous silica nanoparticles (MSNP) served as negative control. All materials were fully characterized for size, zeta potential and hydrodynamic diameter. The REOs, TiO~2~ and Bi~2~O~3~ are spherical nanoparticles with primary sizes ranging from 15 to 186 nm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The AP-MWCNTs are slightly longer than COOH-MWCNTs because of fracture of the tubes during carboxylation. The irregular shaped quartz crystals were ∼400 nm, while the MSNP were ∼120 nm in primary size. All of these materials tended to agglomerate in deionized water and in the presence of RPMI 1640, leading to the formation of particles and tubes that exhibit hydrodynamic diameters ranging from 300 to 1000 nm ([Table S1, Supporting Information](#notes-1){ref-type="notes"}).

![TEM images of ENMs. The particles were suspended in H~2~O to prepare grids for TEM imaging. This imaging was performed in the UCLA BRI electron microscope core on a JEOL TEM at 80 kV.](nn-2014-05002w_0001){#fig1}

REO Nanoparticles Are More Potent Inducers of IL-1β Production than MWCNTs in THP-1 Cells and Bone Marrow Derived Macrophages (BMDM) {#sec2.2}
------------------------------------------------------------------------------------------------------------------------------------

NLRP3 inflammasome activation was determined by an ELISA to measure IL-1β release in cell supernatants. As shown in [Figure S1](#notes-1){ref-type="notes"}, REOs, AP-MWCNTs and quartz induced significantly higher IL-1β production in wild-type THP-1 cells than the control particles. The role of the NLRP3 inflammasome in this pro-inflammatory response was demonstrated by the lack of IL-1β production in NLRP3- and ASC-deficient THP-1 cells ([Figure S1](#notes-1){ref-type="notes"}), similar to what we have shown previously.^[@ref3],[@ref4],[@ref18]^ Moreover, La~2~O~3~, Gd~2~O~3~, Sm~2~O~3~, and Yb~2~O~3~ nanoparticles induced significantly more IL-1β production than AP-MWCNTs or quartz over an extensive material dose range (0--200 μg/mL) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). Similar results were obtained in primary BMDM ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). Please notice that in the latter assay, we included CeO~2~ in the list of REO test materials to demonstrate that, different to other REOs, IL-1β production is not impacted by CeO~2~ due to its reduced solubility, as previously reported by us.^[@ref3]^

![IL-1β production in THP-1 cells and BMDM in response to ENMs. IL-1β production in (A) THP-1 cells and (B) BMDM. THP-1 cells and BMDM were exposed to 0--200 μg/mL ENMs for 24 h to determine IL-1β release into the supernatants by ELISA. Control cells were not subjected to ENM exposure. \**p* \< 0.05 compared to AP-MWCNTs and quartz. \**p* \< 0.05 compared to control cells, ^\#^*p* \< 0.05 compared to AP-MWCNTs and quartz treated cells.](nn-2014-05002w_0002){#fig2}

REO Nanoparticles Differ from MWCNTs in Their Ability to Induce Autophagosome Accumulation in THP-1 Cells and BMDM {#sec2.3}
------------------------------------------------------------------------------------------------------------------

Autophagy is a well-known response to cellular starvation and injury during which subcellular organelles and protein aggregates are surrounded by a double membrane to form an organelle known as the autophagosome.^[@ref19]^ Ubiquitinated protein complexes act as stimuli for autophagosome formation, which involves the assembly of lipidated LC3-II complexes in the cytosol. This process is regulated by phosphoinositide-3-kinase (PI-3K) and autophagy-related genes (Atgs).^[@ref20]^ After engulfing intracellular molecules and organelles, further fusion of autophagosomes with lysosomes results in the degradation of cellular components, which serve as a new source of food or cleaning up unwanted ubiquitin-tagged proteins and organelles. From the perspective of activated NLRP3 inflammasomes, autophagy plays an important role in the removal of activated NLRP3 complexes,^[@ref15]^ and could therefore determine the magnitude of the IL-1β response in MWCNTs and REO nanoparticle-exposed cells. In order to study the assembly of autophagosomes in cells exposed to these materials or pharmacological stimuli, we used a stable transfected THP-1 cell line to study the formation of GFP-LC3 labeled autophagosomes by confocal microscopy ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A).^[@ref15]^ The overall importance of autophagy in NLRP3 removal is demonstrated by the robust and sustained IL-1β production in THP-1 cells treated with the PI-3 kinase as well as autophagy inhibitor, 3-methyladenine (3-MA) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). While all REO nanoparticles (La~2~O~3~, Sm~2~O~3~, Gd~2~O~3~ and Yb~2~O~3~) induced the appearance of GFP-labeled autophagosomes, MWCNTs (AP as well as COOH), quartz, MSNP, and metal oxides (TiO~2~ and Bi~2~O~3~) had little or no effect on the autophagosome formation ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). Quantitative estimation of autophagosome expression confirmed an increase in the % GFP-positive cells during REO exposure ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B); we also showed that this effect is dose- and time-dependent ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C and [Figure S2](#notes-1){ref-type="notes"}). In addition, similar findings were obtained in BMDM by staining of autophagosomes with FITC-labeled anti-LC-3II. REO particles induced significant autophagosome accumulation compared to other particle types, including CeO~2~ ([Figure S3](#notes-1){ref-type="notes"}). Interestingly, there was no increase in % GFP-positive THP-1 cells in response to the introduction of an mTORC1 inhibitor, rapamycin (Rapa), which leads to autophagy induction ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). Rapa also failed to induce IL-1β production ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). This suggests that the major effect of REO nanoparticles is inhibition of autophagic flux but not autophagy induction. Noteworthy, chloroquine (CQ), which acts as an inhibitor of autophagosome fusion as a result of interference in lysosome acidification,^[@ref20]^ resulted in a visually identical accumulation of GFP-LC3 complexes in THP-1 cells ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A and [3](#fig3){ref-type="fig"}B).

![Confocal microscopy to assess autophagosome accumulation in response to ENM exposure in GFP-LC3^+^ THP-1 cells. (A) Confocal microscopy to assess GFP fluorescence in the stable transfected cells exposed to 50 μg/mL of ENMs, 5 mM 3-MA, 50 nM Rapa or 50 μg/mL CQ for 24 h. Cellular nuclei were stained with Hoechst dye. Confocal microscopy was carried out with a Leica Confocal SP2 1P/FCS. (B) The % cells expressing fluorescent autophagosomes was calculated by counting the number of cells expressing three GFP-LC3^+^ dots or one prominent dot. The graphs that were inserted are intended to show the comparative IL-1β production in this THP-1 cell line in response to treatment with 3-MA or Rapa for 6 h (upper panel), or La~2~O~3~ plus or minus 3-MA for the same duration. (C) Dose--response analysis to determine autophagosome accumulation in response to ENM treatment for 24 h over a 200 μg/mL dose range. \**p* \< 0.05 compared to Ctrl cells, ^\#^*p* \< 0.05 compared to AP-MWCNTs or quartz treated cells.](nn-2014-05002w_0003){#fig3}

The accumulation of LC3 complexes in response to La~2~O~3~ (as a representative REO) was confirmed by Western blotting ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). Immunoblotting to assess the abundance of lipidated LC3-II complexes in THP-1 extracts demonstrated that La~2~O~3~ (similar to CQ) increased LC3-II abundance in the cell ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). In contrast, AP-MWCNTs and quartz had no effect on LC3-II assembly. We also used TEM to look at cellular vacuoles that exhibit the ultrastructural features of early (immature) or late (degradative) autophagosomes; these structures can be distinguished based on the surrounding membrane and vacuolar content ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). Thus, while immature autophagic vacuoles (AVi) are characterized by the presence of a double lipid bilayer that contains an electron-lucent cleft and is translucent, nondigested cellular components (such as ribosomes or endoplasmic reticulum), the degradative vacuoles (AVd) are lined by a single membrane that surrounds partially degraded, electron-dense cellular material.^[@ref20]^ TEM analysis demonstrated that while it was possible to discern the presence of AVi in La~2~O~3~ treated cells, it was not possible to observe AVd vacuoles ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). However, AVd vacuoles could clearly be seen to be present in untreated cells or cells exposed to AP-MWCNTs or quartz ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B).

![Determination of autophagy blockade by La~2~O~3~ in THP-1 cells, using immunoblotting, TEM and confocal microscopy. (A) Quantification of LC3-II expression in ENM-treated THP-1 cells by Western blotting. THP-1 cells were treated with 50 μg/mL of each ENM, 50 μg/mL CQ or 50 ng/mL Rapa for 24 h. Immunoblotting was performed as described in [Materials and Methods](#sec5){ref-type="other"}. Please notice that we do not detect the express of LC3-I in THP-1 cells by immunoblotting; however, we did observe LC3-I expression in HeLa cells (data not shown), which is not surprising because the expression of LC3-I depends on cell types.^[@ref49],[@ref50]^ (B) Visualization of early and degradative autophagosomes in ENM-treated THP-1 cells by TEM. THP-1 cells were exposed to 50 μg/mL REOs, AP-MWCNTs and quartz for 24 h. Cells were washed and fixed with 2% glutaraldehyde to prepare TEM sections. (C) Confocal microscopy to show colocalization of GFP-LC3 with LAMP-1 in GFP-LC3^+^ THP-1 cells. Calculation of the % colocalization by ImageJ software demonstrated that the coefficient in La~2~O~3~ treated cells was less than 30%. (D) Confocal microscopy to demonstrate the localization of p62 in GFP-LC3^+^ THP-1 cells, which were treated with 50 μg/mL La~2~O~3~ or 50 μg/mL CQ for 24 h. The cells were fixed, permeabilized, and stained with Hoechst, Texas Red labeled LAMP-1 or p62 antibody before confocal microscopy.](nn-2014-05002w_0004){#fig4}

Further demonstration of the failure of autophagosomes to fuse with lysosomes in La~2~O~3~ or CQ-treated THP-1 cells was provided by confocal microscopy, which failed to demonstrate colocalization of the accumulated GFP-LC3 complexes with LAMP-1^+^ lysosomes ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C). One mechanism by which intracellular protein complexes and organelles are tagged for delivery to autophagosomes is through binding to the adaptor protein, p62, which recognizes polyubiquitinated targets and also bind to LC3 through its LC3-interaction region (LIR).^[@ref21]^ It is known that NLRP3-bound ASC complexes undergo ubiquitination.^[@ref15]^ After the delivery of ubiquitinated targets to lysosomes, p62 is degraded.^[@ref21]^ Use of fluorescence staining and confocal microscopy demonstrated that the sites of p62 accumulation correspond to the intracellular location of GFP-LC3 complexes in La~2~O~3~-treated THP-1 cells ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D). ImageJ software confirmed that the % colocalization of GFP-LC3 complexes with p62 was \>95%.

All considered, the above data indicate that the REOs induce autophagosome accumulation in THP-1 cells. This leads to exaggerated IL-1β production as a result of failure to remove assembled NLRP3 complexes. However, while AP-MWCNTs were capable of inducing inflammasome activation, this cellular response was not accompanied by autophagosome accumulation. This suggests that the major effect of the REOs is on autophagy inhibition rather than autophagy induction, as can be seen for some ENMs.^[@ref7]^ This notion was confirmed by looking at mTORC1 phosphorylation at serine 2448 in THP-1 cells treated with Rapa or exposed to La~2~O~3~, AP-MWCNT, and quartz. mTORC1 phosphorylation inhibits autophagy, while interference in the phosphorylation of this residue by Rapa stimulates autophagy induction.^[@ref22]^ As shown in the phosphoprotein immunoblot in [Figure S4](#notes-1){ref-type="notes"}, Rapa prevented S2448 phosphorylation while La~2~O~3~, MWCNTs and quartz failed to impact mTORC1 phosphorylation. This confirms that autophagy induction does not contribute significantly to autophagic flux in La~2~O~3~-treated THP-1 cells.

The Inhibition of Autophagosome Fusion by REOs Involves Effects on Lysosome Acidification and Disruption of Structural Phosphates in the Lysosome {#sec2.4}
-------------------------------------------------------------------------------------------------------------------------------------------------

To determine how La~2~O~3~ may interfere in autophagosome fusion, we followed the intracellular fate of our study materials by TEM. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A, these materials were taken up into lysosomes as previously shown by our groups and others.^[@ref3],[@ref23],[@ref24]^ Interestingly, the spherical La~2~O~3~ nanoparticles transformed into urchin-shaped structures in lysosomes ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A), with EDX analysis demonstrating that this transformation is accompanied by the acquisition of LaPO~4~ on the particles ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). In addition, other REOs (Gd~2~O~3~, Sm~2~O~3~ and Yb~2~O~3~) also transformed in lysosomes and showed urchin-shaped or mesh-like structures constituted by REPO~4~ ([Figure S5A](#notes-1){ref-type="notes"}). This is consistent with our previous demonstration that slow dissolution of RE ions from the particles (under acidic conditions), leading to REPO~4~ deposition on the particle surface.^[@ref3]^ This transformation could be replicated under abiotic conditions where particles were incubated in an acidic phagolysosomal simulation fluid (PSF) ([Figure S5B](#notes-1){ref-type="notes"}); XRD analysis confirmed the presence of LaPO~4~. No morphological transformation was seen with either MWCNTs or quartz in cells ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A) or PSF ([Figure S5B](#notes-1){ref-type="notes"}).

![Subcellular localization of ENMs by TEM and the effect on protein phosphorylation in exposed THP-1 cells. (A) Subcellular distribution of La~2~O~3~, AP-MWCNTs and quartz by TEM. THP-1 cells were exposed to 50 μg/mL nanoparticles for 24 h and then subjected to TEM as described in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. EDX was used to determine the elemental composition of the ENMs in the cells. (B) Dephosphorylation of LPSSPVpYEDAASFK by ENMs. The phosphorylation of this peptide was determined by MALDI-TOF/TOF spectrometry, in which we used the ratios of the peak intensities before and after ENMs treatment to determine the % dephosphorylation. (C) Determining the effect of dephosphorylation on the enzymatic activity of β-galactosidase before and after exposure to La~2~O~3~, AP-MWCNTs or quartz. Phosphorylation was determined by Pro-Q-Diamond and Sypro Ruby staining, while enzymatic activity was determined through the use of a fluorescent substrate. \**p* \< 0.05 compared to non-REO particles.](nn-2014-05002w_0005){#fig5}

We asked whether phosphate complexation to La~2~O~3~ particle surfaces may deprive the lysosome of structural or functional important phosphoproteins. A commercial kit for lysosome purification was used to prepare THP-1 lysosomal extracts. Immunoblotting for the presence of LAMP-1 and cathepsin D demonstrated the enrichment of lysosomal components in these extracts ([Figure S6](#notes-1){ref-type="notes"}). Electrophoretic separation of the lysosomal extracts on 2-D gels, followed by Pro-Q-Diamond staining to identify phosphoproteins, demonstrated that treatment with La~2~O~3~ nanoparticles could induce widespread dephosphorylation of lysosomal proteins compared to extracts prepared from nontreated cells ([Figure S6](#notes-1){ref-type="notes"}). Proteome analysis of spots cut from these gels demonstrated the removal of phosphates from constitutive phosphoproteins. To demonstrate the dephosphorylation more specifically, we used a custom phosphopeptide (LPSSPVpYEDAASFK, MW: 1589.70 Da), and abiotic exposure to REO nanoparticles resulted in an 80 MW decrease of the peptide as determined by matrix-assisted laser desorption/ionization time-of-flight tandem (MALDI-TOF) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B and [Figure S7](#notes-1){ref-type="notes"}). Overall we could demonstrate the loss of the phosphate group from 12--25% of the phosphopeptides treated with REOs (La~2~O~3~, Gd~2~O~3~, Sm~2~O~3~, Yb~2~O~3~). AP-MWCNTs and quartz did not exert similar effects. To see if La~2~O~3~ affects the function of a phosphorylation-dependent lysosomal enzyme, β-galactosidase was used for abiotic exposure to La~2~O~3~, MWCNTs and quartz for 4 h at 37 °C. Following separation by SDS-PAGE and sequential gel staining with Pro-Q-diamond (to detect the phosphoprotein) and Sypro Ruby (to detect the protein backbone), we could show that phosphate removal by La~2~O~3~ treatment could decrease β-galactosidase activity as determined by a fluorescent substrate, 4-methylumbelliferyl-β-d-galactopyranoside ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C). MWCNTs and quartz had no effect on the phosphorylation status as well as the activity of the enzyme ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C).

We know that interference in lysosomal acidification by CQ can disrupt autophagosome fusion and by so doing result in autophagosome accumulation.^[@ref25],[@ref26]^ This leads to the retention of NLRP3 complexes and robust IL-1β production in CQ treated cells, as demonstrated in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B. In order to determine whether the ENMs under study could impact lysosomal pH, cellular staining with the fluorescent dye, pHrodo Green Dextran, was used to assess lysosomal pH.^[@ref27]^ Once taken up into the acidifying lysosomal environment, the increase in the fluorescence intensity of pHrodo results in the appearance of fluorescent green dots in untreated THP-1 cells during confocal microscopy ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). In cells treated with MWCNTs, MSNP, TiO~2~ and Bi~2~O~3~ and quartz, there was no change in fluorescence intensity compared to control cells ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and [Figure S8](#notes-1){ref-type="notes"}). However, the fluorescence intensity of the dye did not increase in REO treated cells, suggesting that these nanoparticles interfere in lysosome acidification. The same effect could be shown by measuring the fluorescence intensity in a flow cytometer, which showed a shift to the left in REO treated cells ([Figure S9](#notes-1){ref-type="notes"}).

![Lysosomal alkalization induced by REO nanoparticles. Lysosomal pH levels induced by ENMs were determined by confocal microscopy. THP-1 cells were incubated with 50 μg/mL particles for 24 h, and then stained with a pH sensitive dye, pHrodo green dextran (50 μg/mL) in complete RPMI 1640 medium (pH, 7.4) for visualization under a confocal microscope. \**p* \< 0.05 compared to untreated cells.](nn-2014-05002w_0006){#fig6}

Inhibition of Autophagic Flux by REOs Leads to Reduced NLRP3 Inflammasome Degradation and Exaggerated IL-1β Production {#sec2.5}
----------------------------------------------------------------------------------------------------------------------

Since autophagy plays a major role in the homeostatic regulation of activated NLRP3 complexes through lysosome degradation,^[@ref15]^ we were interested to see if we could demonstrate NLRP3 inflammasome accumulation in THP-1 cells treated with ENMs. This was accomplished by using immunoprecipitation (IP) and immunoblotting to determine ASC coprecipitation with NLRP3; increased ASC abundance reflects NLRP3 assembly in the activated inflammasome. First, a NLRP3 antibody, bound to Protein A/G immobilized beads, was used to capture cellular NLRP3 protein from cell lysates. After washing the immune precipitates, proteins were separated by SDS-PAGE and transferred to blotting membranes, which were overlaid with anti-ASC antibodies ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A). The blotting results demonstrated that while it was possible to recover equal amounts of NLRP3 and ASC from the lysates of untreated, quartz or MWCNT-treated cells, the ASC abundance was increased 2.6-fold in La~2~O~3~-treated cells. In 3-MA treated cells, ASC abundance increased 2.9-fold. The inability of MWCNTs and quartz to increase ASC complexes reflects the rapid clearance of NLRP3 inflammasomes by the constitutively active autophagic pathway in THP-1 cells. This notion was substantiated by using prior Rapa treatment in THP-1 cells, which were subsequently exposed to incremental amounts of La~2~O~3~, MWCNTs and quartz before the measuring IL-1β production ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B). Enhancement of autophagic flux by Rapa could effectively reduce IL-1β production in MWCNT and quartz-exposed cells, but had a lesser effect in La~2~O~3~-treated cells, likely as a result of the severity of lysosome damage induced by La~2~O~3~. Similar results were obtained in BMDM, where Rapa had little effect on La~2~O~3~ and Gd~2~O~3~ induced IL-1β production, in contrast to AP-MWCNTs and Quartz ([Figure S10](#notes-1){ref-type="notes"}).

![REOs interfere in the degradation of NLRP3 inflammasomes by autophagy. (A) Immunoblotting to determine the relative abundance of ASC in NLRP3 immunoprecipitates obtained from THP-1 cells. THP-1 cells were treated with 50 μg/mL ENMs, 5 mM 3-MA or 50 nm Rapa for 24 h. Cells were collected and lysed before collection of the immune precipitates on beads attached to anti-NLRP3 antibodies. Subsequently, the presence of coprecipitating ASC was determined by Western blotting, as described in [Materials and Methods](#sec5){ref-type="other"}. (B) Assessment of IL-1β production in THP-1 cells treated with 0 to 200 μg/mL La~2~O~3~, AP tubes or quartz 3 h after prior treatment with 50 ng/mL Rapa (to speed up the autophagic flux). \**p* \< 0.05 compared to untreated cells, ^\#^*p* \< 0.05 compared to particle treated cells.](nn-2014-05002w_0007){#fig7}

If considered together with the results in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B, we propose that the NLRP3 steady state levels in THP-1 cells are dynamically controlled by a combination of autophagy induction, autophagosome formation, and autophagosome removal, as shown in the schematic in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. Thus, by speeding up autophagy initiation by Rapa treatment, subsequent autophagic flux leads to rapid autophagosome and inflammasome removal so that there is no accumulation of activated NLRP3 complexes. In contrast, La~2~O~3~ acts as both an inducer of inflammasome assembly as well as an inhibitor of autophagosome fusion as a result of severe and unique injury to the lysosome resulting from phosphate complexation. La~2~O~3~ induces robust accumulation of activated NLRP3 complexes and IL-1β production, which is minimally affected by autophagy initiation by Rapa. According to the scheme in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, the PI-3 kinase inhibitor, 3-MA, leads to accumulation of NLRP3 complexes because of disrupting constitutive autophagosome assembly ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). This explains the high rate of IL-1β production. Although AP-MWCNTs and quartz are capable of inducing the assembly of new NLRP3 complexes, there is no interference in autophagic flux, which allows Rapa to increase the rate of inflammasome removal. This explains the high rate of decline in IL-1β production in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B.

![Schematic to explain the effects of nanoparticles and pharmacological agents on autophagic flux and homeostatic regulation of NLRP3 complexes. Autophagic flux consists of three major steps, namely autophagy induction, autophagosome formation, and autophagosome--lysosome fusion and degradation in lysosomes. Interference on autophagic flux by ENMs or pharmacological agents could lead to deregulation of activated NLRP3 inflammasomes. Pharmacological agents, rapamycin or 3-MA, promote autophagy induction or inhibit autophagosome formation, respectively, resulting in accelerated or inhibited NLRP3 inflammasome degradation with decreased or exaggerated IL-1β production. La~2~O~3~ blocks autophagic flux by inhibition of autophagosome--lysosome fusion, which leads to NLRP3 inflammasome accumulation and enhanced IL-1β production. AP-MWCNTs and quartz have no effect on autophagic flux, the activated inflammasomes are degraded by autophagy with lower level of IL-1β production than 3-MA and La~2~O~3~.](nn-2014-05002w_0008){#fig8}

Discussion {#sec3}
==========

In this study, we demonstrate that there are key differences in the effect of two important classes of ENMs, MWCNTs and REOs, on the autophagy pathway and the implications of those differences in terms of the pro-inflammatory effects of these materials. Although exhibiting quite different sizes, shapes and surface functionalities, MWCNTs and REO nanoparticles are potent inducers of NLRP3 inflammasome assembly, which is homeostatically regulated by autophagic flux. However, while MWCNTs induced NLRP3 assembly and IL-1β production as a result of tube-specific injury mechanisms to the lysosome, homeostatic regulation by autophagy remains intact and is capable of swiftly removing activated NLRP3 complexes. Thus, not only did MWCNTs fail to induce the accumulation of LC3-labeled autophagosomes, but fusion with the lysosome could be enhanced by the autophagy inducer, Rapa. In contrast, the REO-specific mechanism of lysosomal injury, damages this organelle to the extent that it disrupts autophagosome fusion and removal of the activated NLRP3 complexes; this leads to exaggerated IL-β production ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). Under these conditions, Rapa had a comparatively minor effect because it could not speed up removal by the damaged lysosomes. Quartz also induced IL-1β production that was subject to Rapa down regulation, while transition metal oxides, COOH-MWCNTs and mesoporous silica failed to affect inflammasome activation. We demonstrate a unique mechanism of lysosome damage by La~2~O~3~, which results in interference in lysosome acidification and disruption of phosphoproteins. In summary, these data show that the autophagy pathway is important as a homeostatic mechanism for removal of NLRP3 complexes induced by ENMs, with the potential to impact the severity of inflammation in addition to being of possible use for therapeutic intervention in IL-1β mediated injury.

![Schematic to explain the effects of REOs on autophagy and NLRP3 inflammasome regulation. After internalization into lysosomes, REOs transform to RE-phosphate with sea urchin structure. This biotransformation leads to lysosomal dysfunction as manifested by the loss of enzymatic activity of lysosomal proteins as a result of dephosphorylation process and the lysosomal alkalization. Lysosomal dysfunction results in the inhibition of autophagosome--lysosome fusion, accumulation of autophagosomes and the failure to degrade the activated NLRP3 inflammasome complexes. Loss of NLRP3 inflammasome homeostasis leads to exaggerated IL-1β production that could induce adverse health effects including lung fibrosis.](nn-2014-05002w_0009){#fig9}

A variety of ENMs have been shown to be capable of inducing autophagy and nanoparticles are commonly sequestered in the autophagosomal and lysosomal compartments. These include materials such as metals (*e.g.*, Mn, Pd, Au),^[@ref28]−[@ref30]^ metal oxides (*e.g.*, Fe~3~O~4~,^[@ref31]^ Al~2~O~3~,^[@ref32]^ and TiO~2~^[@ref33]^), REOs (Sm~2~O~3~, Eu~2~O~3~, La~2~O~3~, Nd~2~O~3~, Y~2~O~3~, Yb~2~O~3~ and Gd~2~O~3~),^[@ref8]−[@ref11]^ carbon-based materials (*e.g.*, C60^[@ref33]−[@ref36]^ and SWCNTs^[@ref12]^), polymeric nanoparticles (*e.g.*, PAMAM dendrimers),^[@ref37]^ quantum dots^[@ref13]^ and Stober silica.^[@ref38]^ A variety of different mechanisms are involved, including oxidative stress (*e.g.*, fullerenes),^[@ref36]^ direct or indirect ubiquitination of nanomaterials (*e.g.*, Al~2~O~3~ and Au),^[@ref32],[@ref39]^ and inhibition of mTOR signaling (*e.g.*, dendrimers and CNTs).^[@ref12],[@ref40]^ While the specific role of autophagy induction by ENMs is unknown, it has been postulated that autophagy induction may represent a cellular attempt to degrade foreign materials, similar to the use of autophagy to eradicate bacteria. Alternatively, autophagy could play a role in defense against cell damage; this will be discussed later. In addition to the autophagy initiation, the current communication shows that we also have to consider the inhibition of autophagic flux by ENMs. This could induce additional cellular effects due to disruption of the autophagosome in removing damaged organelles and proteins. Although limited studies with materials of gold nanoparticles^[@ref41]^ and SWCNTs^[@ref42]^ have shown interference in autophagic flux, no detailed investigation has been undertaken to show how disruption of the cleanup function of autophagy could contribute to the generation of adverse biological consequences. Our study demonstrates the importance of autophagic flux in the homeostatic regulation of activated NLRP3 inflammasomes, which if disrupted by REOs, could lead to an exaggerated inflammatory response. In contrast, MWCNTs did not exert the same effect in spite of their ability to damage lysosomes in the process of NLRP3 activation. This is likely due to the unique properties of tubes and REO nanoparticles in catalysis of lysosome injury, which serves to demonstrate that although they exhibit very different physicochemical features, there are areas of overlap from the perspective of inflammasome activation but also unique differences in the quality of the lysosomal injury so that the linked homeostatic pathway is affected very differently.

In order to explain the differences between REOs and MWCNTs, we explored the role of REO surface reactivity in lysosomal damage. After uptake into the lysosomes, REOs dissolve in the acidic environment.^[@ref3]^ Released RE ions exhibit high binding affinity for phosphate, with the ability to sequester phosphates from lysosomal fluid and even structural components such as phospholipids.^[@ref3]^ In this communication, we demonstrate that lysosomal phosphoproteins are also at risk of losing phosphates that are required for maintenance of enzyme activity. Moreover, the consumption of lysosomal protons during REO dissolution and the impact on the lysosomal proton pump (v-ATPase) may affect the alkalization of the organelle. Lysosomal acidification is critical for the fusion of autophagosomes with lysosomes, and it has previously been demonstrated that gold nanoparticles can lead to lysosomal alkalization.^[@ref41]^

In addition to its role in the homeostatic regulation of NLRP3 inflammasomes, autophagy has been shown to regulate cell death. Autophagy is generally considered a pro-survival mechanism that aids the cell in dealing with stress through clearance of damaged proteins, organelles, and pathogens.^[@ref43]^ In agreement with this notion, recent studies have demonstrated that autophagy could directly impact apoptosis by selective degradation of pro-apoptotic proteins such as the p53 upregulated modulator of apoptosis (PUMA)^[@ref44]^ and the Fas-associated phosphatase 1 (FAP-1).^[@ref45]^ In these studies, the induction of autophagy could lead to inhibition or delay in cell death. However, there are also a growing number of studies suggesting that autophagy can promote cell death as a result of excessive degradation of cellular components such as antioxidant enzymes or mitochondria.^[@ref46]^ Thus, ENMs could be used to regulate cell death through the manipulation of autophagy. One example is the enhancement of the cytotoxicity of chemotherapeutic agents by neutralizing the pro-survival effects of autophagy.^[@ref47],[@ref48]^ There are currently several cancer clinical trials in the US, in which the autophagy inhibitor, hydroxychloroquine, is combined with chemotherapeutic agents to enhance cancer cell killing. Nanomaterials that block autophagic flux could be considered for this role as sensitizers of chemotherapy. Conversely, the enhancement of autophagy induction by ENMs could play a role in improving the survival of neurons that are burdened with increased removal of aggregated proteins and mitochondria in the setting of neurodegenerative disease.^[@ref17]^ Similarly, since many infectious pathogens (*e.g.*, the tubercle bacillus) have developed the ability to survive intracellularly by disrupting host autophagy pathways, speeding up of autophagic flux could play a role in assisting the clearance of pathogens.^[@ref47]^

Conclusions {#sec4}
===========

In this work, selected ENM stimuli that lead to the activation of the NLRP3 inflammasome were used to determine whether differential effects on the autophagy pathway will influence pro-inflammatory cellular responses. Although both MWCNTs and REOs could induce NLRP3 inflammasome activation, these materials had different effects on autophagic flux. While REOs induced enhanced autophagosome accumulation, AP-MWCNTs showed no effect. The mechanism of REO-induced autophagosome accumulation involves interference in the fusion of autophagosomes with lysosomes, in part because of effects on lysosomal alkalization as well as phosphoprotein function. This study provides new insights into the potential regulatory effects of ENMs on the homeostatic regulation of the NLRP3 inflammasome.

Materials and Methods {#sec5}
=====================

Materials {#sec5.1}
---------

AP-MWCNTs were purchased from Cheap Tubes. COOH-MWCNTs were synthesized by oxidizing AP-MWCNTs in mixed acids.^[@ref4]^ Min-U-Sil silica (quartz) was purchased from US Silica (Frederick, MD, USA). Mesoporous silica was generously provided by Dr. Jeffrey Zink, Department of Chemistry and Biochemistry at UCLA. La~2~O~3~, Gd~2~O~3~, Sm~2~O~3~, Yb~2~O~3~ nanoparticles were purchased from Nanostructured & Amorphous Materials (Houston, TX, USA). TiO~2~ and Bi~2~O~3~ were provided by Dr. Lutz Madler at the Department of Production Engineering, University of Bremen, Germany. CQ, Sypro Ruby, Pro-Q-Diamond, LAMP-1 antibody and pHrodo were purchased from Life Technologies (Grand Island, NY, USA). 4-Methylumbelliferyl-beta-[d]{.smallcaps}-galactopyranoside, 3-methyladenine and Rapa were purchased from Sigma-Aldrich (St. Louis, MO, USA). Anti-LC-3 was purchased from Abcam (Cambridge, MA, USA). Anti-mTOR, anticathepsin D and anti-ASC antibodies were purchased from Santa Cruz Biotechnology (Dallas, Texas, USA). Recombinant human β-galactosidase was purchased from R&D (Minneapolis, MN, USA). The phosphopeptide, LPSSPVpYEDAASFK, was purchased from Apeptide (Shanghai, China). NLRP3^--/--^ or ASC^--/--^ THP-1 cells are prepared from THP-1 cells that transfected with NLRP3 or ASC shRNA.

ELISA {#sec5.2}
-----

Aliquots of 5 × 10^4^ wild type, NLRP3^--/--^ or ASC^--/--^ THP-1 cells were seeded in 96-well plates, with each well receiving 100 μL RPMI 1640 medium supplemented with 10% fetal bovine serum. 1 μg/mL phorbol 12-myristate acetate (PMA) was added to prime cells overnight before the addition of ENMs. The ENM particles were sonicated in complete RPMI 1640 medium (c-RPMI 1640), supplemented with 10 ng/mL lipopolysaccharide (LPS), at 32 W for 15 s with a sonication probe (Sonics & Materials, USA) before addition to the cells. IL-1β release into the culture supernatants was detected by a human IL-1β ELISA Kit (BD, CA, USA) in THP-1 cells that were exposed to the ENMs for 6--24 h at the indicated concentrations.

Western Blotting {#sec5.3}
----------------

Cells treated with pharmacological agents or ENMs were lysed in a buffer containing 20 mM HEPES, pH 7.4, 50 mM β-glycerophosphate, 1 mM Na~3~VO~4~, 0.5% (v/v) Triton X-100, 0.5% (v/v) CHAPS (3-\[(3-cholamidopropyl)-dimethylammonio\]-1-propanesulfonate hydrate) and 10% (v/v) glycerol and a cocktail of protease inhibitors. The cellular extracts were separated on a 10% or 4--10% SDS-polyacrylamide gel at 125 V and transferred to a nitrocellulose membrane at 45 V. The blotting membranes were blocked with 5% milk in PBS/Tween 20 (0.2%) for 1 h at room temperature, and then incubated with primary antibody (1/500 in blocking buffer), overnight at 4 °C. After washing four times with PBS/Tween and addition of HRP-conjugated secondary antibody (1/1000 in PBS) for 1 h at room temperature, membranes were washed four times with PBS/Tween 20 and developed with a freshly prepared luminol-based detection solution.

Confocal Microscopy {#sec5.4}
-------------------

Control or prior treated THP-1 cells were fixed in 4% paraformaldehyde for 30 min and permeabilized by 0.2% Triton X-100 for 15 min. Permeabilized cells were subsequently incubated with primary antibodies at 4 °C overnight, followed by washing and the addition of secondary antibody or Hoechst for 2 h at room temperature. After washing, the cells were visualized under a confocal microscope (Leica Confocal SP2 1P/FCS) in the UCLA/CNSI Advanced Light Microscopy/Spectroscopy Shared Facility. High magnification images were obtained with the 63× objective.

Use of GFP-LC3^+^ THP-1 Cells to Study Autophagosome Assembly and Accumulation {#sec5.5}
------------------------------------------------------------------------------

GFP-LC3^+^ THP-1 cells were kindly provided by Dr. John H. Kehrl.^[@ref15]^ After treatment with the indicated amount of ENMs, 50--100 cells in each confocal view were counted to determine the % cells showing autophagosome accumulation. Cells were considered positive if they had more than three GFP-LC3^+^ dots or one prominent dot. Data were presented the % GFP-LC3^+^ cells in the population.

2-D Gel Analysis of Lysosomal Proteins {#sec5.6}
--------------------------------------

After incubation with each of the ENMs (50 μg/mL) for 12 h, THP-1 cells were collected for lysosome extraction using a Sigma-Aldrich kit (Lysosome Isolation). Briefly, cellular aliquots were homogenized in extraction buffer and centrifuged at 1000*g* for 10 min before collection of the supernatants. The cell pellets were discarded. After centrifugation of the extracts at 20 000*g* for 20 min, the supernatants containing cytoplasmic proteins and subcellular organelles were aspirated, while the pellets were collected and resuspended in extraction buffer. Rough endoplasmic reticulum and mitochondria were removed by adding 8 mM calcium chloride to the suspension and centrifugation at 5000*g* for 15 min. The lysosomes were isolated from the supernatants by centrifugation at 20 000*g* for 20 min, and stored at −80 °C until use.

Lysosomes were lysed in 200 μL lysis buffer and centrifuged at 15 000 rpm/min to collect the supernatants. The lysosomal proteins were precipitated by adding 1 mL 75% ethanol overnight at −20 °C. After centrifugation, the pellets were washed with cold 75% ethanol and resuspended in rehydration buffer (7 M urea, 2 M thiourea, 50 mM DTT, 4% CHAPS, 5% glycerol, 10% isopropanol, and 1% ampholytes). 100 μg lysosome protein in 200 μL rehydration buffer was applied to 11 cm, pH 3--10 IPG strips (Bio-Rad, Hercules, CA, USA). The strips were rehydrated and subjected to isoelectric focusing (IEF) as previously described (linear ramp to 100 mV over 2h, linear ramp to 250 mV in 2 h, linear ramp to 4000 mV in 5 h, hold at 4000 mV for 23 h).^[@ref48]^ Subsequently, the IEF strips were overlaid on an 8--16% SDS-PAGE gel. After electrophoresis, gels were stained with Pro-Q Diamond (phosphoprotein stain) and Sypro Ruby (total protein stain) and scanned in an FX Pro Plus imager (Bio-Rad). PDQuest software (Bio-Rad, version 7.2) and Same Spots ((Nonlinear Dynamics, version 3.3) software were used for 2-D image analysis.

Use of MALDI-TOF/TOF to Determine the Phosphorylation Status of a Commercial Phosphopeptide {#sec5.7}
-------------------------------------------------------------------------------------------

The phosphopeptide (LPSSPVpYEDAASFK) was dissolved at 1 μg/μL in water. 3 μL of this solution was mixed with 75 μL of each of the ENMs (La~2~O~3~, quartz and AP-MWCNTs) dispersed at 1 mg/mL. The blank control was water only. After the incubation at 37 °C for 6 h, the peptides were analyzed by MS, carried out by a MALDI-TOF/TOF 5800 System (AB SCIEX, Foster City, CA) equipped with a 1 kHz OptiBeam on-axis laser. 2,5-Dihydroxybenzoic acid solution (25 mg/mL, in 70% ACN-H~2~O containing 1% H~3~PO~4~) was used as the matrix to assist the ionization of peptides.

Assessment of β-Galactosidase Phosphorylation and Enzymatic Activity {#sec5.8}
--------------------------------------------------------------------

β-Galactosidase was diluted to 8 ng/μL in assay buffer (HCl, pH 3.5). 70 μL aliquot of this enzyme solution was added into 96-well plates, and mixed with 5 μL of 3 mg/mL ENM suspensions for 6 h incubation at 37 °C. After reaction, each of the ENM-treated suspensions was divided into two aliquots (25 and 50 μL). The 25 μL aliquot was used for mixing with 25 μL lysis buffer. After separation in 8% SDS-PAGE gel, the gel was stained by Pro-Q Diamond to examine β-galactosidase phosphorylation, followed by Sypro Ruby staining for total amount of protein. The remaining 50 μL aliquots were reacted with 50 μL of substrate solution containing 4-Methylumbelliferyl-beta-[d]{.smallcaps}-galactopyranoside. The fluorescence intensity of the substrate was read in kinetics mode for 30 min at excitation and emission wavelengths of 365 and 445 nm, respectively.

Measurement of Lysosomal pH {#sec5.9}
---------------------------

After treatment with 50 μg/mL of each ENM for 24 h, THP-1 cells were incubated with 50 μg/mL pHrodo green dextran in complete RPMI 1640 medium (pH, 7.4) for 4 h. Cells were washed with prewarmed, dye-free RPMI 1640 (pH 7.4) and analyzed by flow cytometry and confocal microscope. A Becton Dickinson FACS Calibur Analytic Flow cytometer in the UCLA Jonsson Comprehensive Cancer Center was used to measure pHrodo fluorescence intensity in the cells at an excitation wavelength of 488 nm.

Obtaining BMDM and Exposure to ENMs {#sec5.10}
-----------------------------------

After euthanasia, 6--12 week old C57BL/6 mice were sacrificed to collect the femurs by cutting tibia below the knee joints and the pelvic bone close to the hip joint. Muscles connected to the bone were removed, and the femurs were immediately placed into a tube containing sterile PBS on ice. The bones were flushed with a syringe filled with DMEM medium to extrude bone marrow, following gentle dispersion by pipet. Cell suspensions were centrifuged at 1000*g* for 5 min. The cell pellets were resuspended and differentiated in DMEM with 10% endotoxin-free fetal bovine serum (FBS) and 20% macrophage colony-stimulating factor (M-CSF) for 7 d. Then the cells were seeded in 96-well plate (5 × 10^4^/well) and cultured in DMEM medium plus 10% FBS, 500 ng/mL LPS for 2 d. For cytokine detection, BMDM were exposed to ENM suspensions with 10 ng/mL LPS for 24 h. After that, the supernatants were collected to determine IL-1β using the ELISA kit described above.

Statistical Methods {#sec5.11}
-------------------

Results were statistically analyzed using one-way ANOVA or an independent student *t* test. A statistically significant difference was regarded if the *p* value is less than 0.05. Data are reported as the mean ± standard deviation from at least three separate experiments.
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